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MR STUDIES OF CONFORMATIONAL BQUILIBRIA IN SUBSTITUTED ETHANES"
H. 8. Gutowsky, Geneva G. Belford,” and P. E. McMahoo'

Noyes Chemical Laboratory, University of iliinoie)

Urbana; Illinois

Proton and fluorine magnetic resonanceé spectra have been observed in
twelve 1liquid polysubstituted ethanes ovéer temperature ranges of 250° to
450%K. 1In each of these compounds, reorientations about the C-C bond are
fast enough to yield high resolution nmr spectra which are averages of the
three rotational isomers. The change in the proportions of the isomeérs with
temperature is large enough for CHC1oCHClp; CHClaCHFa, CFaClCFCly,
CHC1aCHFC1, and CFoBrCFBrCl, and also CFClCHClp for whieh(Jm,) has been re-
ported, to permit a least-squares type analysis of the averaged shifts (V)
and coupling constents {J) with a high-speed digital computer. The latter
evaluates the physical parameters, three or five depending upon molecular
symmetry, vhich govern the temperature dependence of (7> and {(J). These pa-
rameters, in our approximation, are the values of the spectral quantity in
question for each of the "rotamers®, and the relative energies AB of the lat-
CHafiCHzCl and CHpffCHoBr for which AB is sufficiently small that (Ju:c) is
virtually temperature independent. However, an approximation was developed
for obtaining such small AB's (35 to 90 cal) by assuming (JtmeJ BHH) to be an
average of values found in other compounds. A similar appro,ximaﬁon was used
for solutions of three CHXYCHYZ compounds in which AE 1 large, ~1000 cal,
but thermal decomposition prevented measurements of (Jc) over a large
enough temperature range. In addition, AE's were determined for CHClCHFp
and CHC1,CHFCl by analyzing the dependence upon solvent of infrared absorp-

tion bands assigned to trens and gauche rotamers.
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There is fair to eéxcellent agreement between values for & given AE ob-
tained from different nmr observables and also from vibrational spectra. The
results from chemical shift data appear to bheé least reliable; because of mo=
lecular association effects. Also, experimental errors are compoundéd when
second order perturbations prevent measuring (v)or(J) directly as a split-
ting in the spectrum. The AB's in new cases appear compatible with previous
results in their dependence upon stéric factors and eléctrie dipole
interactions.

The vicinal coupling constants obtained for the individual rotamers are
alike for H-H, H-F, and F-F in that they are smaller in magnitude when the
nuclei are gauche to one another, i.e. \Jg\ «\J.|, and there ;;e instances
in which Jg and Jt are ofngppcsite a;#Well as of like sign. Jéém and JtHF
are of the same sign. <Jgem>'ahd‘(33eﬁ> have temperature independent values
of 49.1 + 0.2 and 166.8 # 0.5 cps in CHClCHFC1l and CFpBrCFBrCl, respective-
ly. Other numerical values found are, for H-H: Jg + 2.0 to ¥ 2.6(4), Je
10.2 to 16.5(3); for H-F: Jg + 13.2 to ¥ 2.8(3), J, 37.3 to 18.2(2); and for
F-F: Jg + 5.3 to s gl.g(s),rJt 38.7 to 41.6(3). All are in cps with the

The nmr methods developed appear to te very versatile in principle.
With improved instrumentation; higher quality data, and a better understand-
ing of the factors which can affect the results, nmr may well be the best ap-
proach to AR for liquid or even gaseous molecules containing hydrogen or
fluorine. Certainly, such studies are useful in establishing the dependence

of nmr pareameters upon rotational configuration.
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I. Introduction

Barly studies of configurational isomerism utilized dielectric constant measure-
ments and vibrational spectra. The results of most such work have béen summarized by
Mizushima.! Problems studied includée the énergy differences and poteatial barriers be-
tveen thé various foims and the dependence of these quantities upon substituents, the
nature 6f a solvént, the state of the sample, and similar factors. The basic question,
which remains in large part; is the nature of the forces restricting intreamoleculer mo-
tions. Other means of making such studies have been provided?’3 by the advent of high
resolution nuclear magnetic resonance. The present work is concerned primarily with

the extension of these techniques to the rotational isomerism of some substituted

'ethanes.2-7

The energetically favored forms, or rotamers, are the staggered configurations?

shown below for the general case. The factors governing the appearance of the nmr

spectra include the relative energies of the rotational isomers, the potential barriers
to internal rotation about the C-C bond, and the chemical shifts and coupling constants
directly for a compound if the potential barriers are high enough that the nmr spectrum
at lover temperatures is a superposition of spectre for the several rotamers. However,
in most substituted ethanes, rotational averaging occurs, which simplifies the spec-
trum®’? and reduces its information content. This is the case for the ethanes we have
investigated, and one of our major concerns was to see how much information could none-

theless be obtained.




-4 -

In these compounds, the experiméntally observed average resonance frequency or

chemical shift for the :Lﬂ nucléus is given as

L oa) 1 i ) .
Pyy = AT+ e v xss (1)
and the coupling constant between puclei i and j, as
. S § SR ¥ BN ¥
(Ji.j):' x: 02t + %202t + xe¥std (2)

The numerical indices refer to the rotamers, 1-3, and the x's designate the mole frac-
tions. The x's, of courseé, may be eéxpressed in terms of molecular properties. In par-
ticular, the potential energy of the molecule is a function o6f the dihedral angle @
between say the C-A and the C'-<X bonds, as shown schematically in Fig. 1 where the nu-
merical labeling of the three minima corresponds to the structural formulae given for
the rotamers. The relative energies of the rotamers are defined by setting

OB, =E, - By and AE; = By - B3. Then, the ratio of the x's is given as

X3:X2iXa = Q1 'exp(-AE;/RT):qp'exp(-ABo/RT):Qa' (3)

excluding
where Qn' is the partition functiorn for a particular rotamer .q,/-the internal rotation

coordinate §. Q' will differ somewhat for the three rotamers, but to a good approxima-
tion we can set Q,' = Qo' = Q' and eliminate them from Eq. (3). This permits the con-

version of Bq. (1) for the averaged chemical shift to the form

(5 = S A exp(-0B1/RD) + Vitexp(-08a/RD) + 1), )

where Q¢ is the internal rotation partition function for the three rotamers in thermal

equilibrium,

Qy = exp(-AE, /RT) + exp(-AEp/RT) + 1 . (5)

Similarly, Eq. (2) fcr the averaged 2cupling constant becomes

{34y, = Q¢—1§Jli‘jexp(-&1/lﬂ.‘) + Ja'dexp(-0Bg/RT) + J,i"; : (6)



Fig. 1.  The energy of a substituted ethane as a function of the dihedral angle § be-

twveen C-A and C'-X bands in A-C-C'-X group, with definitions of symbols used.




Inspection of Egs. (5) and (6) shows that if the temperature dependence of (1{)
and <J13) results only from changes in the equilibrium proportions of the rotamers,
then in principle it should be possibleé to determine experimentally the relative
energies of the rotamers and also the chemical shifts and coupling constants char=
acteristic of the individual rotamers.® The general case involves two energy terms
and three chemical shifts or coupling constants (and sométimes more), and the func-
tional form is relative}«éomplicated. However; the equations become simple for the
limiting values of <1/i7 and <Ji ;}> which are approached asymptotically e;t low and at
high temperatures. The 16w témperature limit is, of course, ihi and Jnj for the
stablest form, whilé the high temperature limit is the average obtained by weight-

ing each form equally. Unfortunately, the chandes in (1{) and {J observed and

ij>
predicted for the experimentally useful temperature ranges are modest. particular-
ly for protons, and good limiting values have nct been obtainable by simple inspec-
tion of the experimental curveés., Nonetheless, we have found that it is possible to
extract values for all of the unknowns, at least in favorable cases. The internal
consistency and reliability of the results leave much tc be desired. But, the gen-
eral approach seems hopeful in view of instrumen*tal improvements which can provide
experimental data of higher guality.

As yet, relatively little is krown concerning the dependence of chemical
shifts and coupling constanis upen molecular conformation, For the substituted
ethanes, much attention has been given to the types of nmr spectra 1o be expected
under various circumstances,® /8713 {n part because of several errors® 1! in early
reports cn the subject. But as to specific cases, only the H-H' coupling in the
H-C-C'-H' group has been studied to any grsat extent, With the assumption of
tetrahedral H-C-C' angles, the dependence of Jy,, upon the dihedral angle § has been
calculated by valence bond methods!* to be of the form Tge © 9cos®@ - 0.3, in cps.
The qualitative correctness of this result is shown by several experimental studies,’’1471€
the most pertinent of whichl® invclwed altering the fractions of lifferent rotamers present
in several haloethanes at rcom “emperature. This was accomplished by employing various sol-

vents of different polarity. Valiues fcr ithe syppropriate x's and AE's were obtained from
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infrared spectra and were useéd in conjunition with experimental values fo'r(J,) to
give tws or more linear equations such as Eq. (2), with the Jni'j as unknowns. In this
manner, approximate values ranging from 10 to 18 &ps were found for JtHH, the coupling
constant in the rotamer where the protons are trans (JAx
P 'H,"m L a el - = 8 - N . 3
¢ps for JS , thé gauche rotamer (JAX in rotamers 1 and 3).

in rotamef 2), and 1 to 3.5

in the work reported here, wé have been ablé to obtain more accurate values for

J,HH and JéHH and also some values for the proton shifts in the individual rotamers.

t
Several fluoroethanes were studied in order to learn something about the @-dependence
of the H-F and F-F' coupling constants, and of the fluorine chemical shifts, in H-C-C-F
and F-C-C'-F' groups. And, finally, the methods developed for analyzing the nmr data
give AE values witl relatively small statistical errors in favorable instances. In two
cages we obtained AE values from infrared spectra; because of initial difficulties in

calculating AE as well as the Jnij from thé nmr data alone.

IL. Experimental

The nmr spectra were observed with a Varian Associates Model V-4300-2 high resolu-
tion spectrometer equipped with the commercial Dewar inserts for LO Mc and 60 Mc opera-
tion. The temperature of the sample was established by means of a copper-constantan
thermocouple placed close to the sample tube; this reading was corrected by means of a
calibration curve constructed by measuring simultaneously the temperature at this posi-
tion and that directly in a non-spinning sample. The temperatures are considered to be
accurate to within +1°.

Audjofrequency modulation of the magnetic field was used to produce sidebands for
calibration. The F'® chemical shifts tetween the compounds studied and the CFCla ref-
erence are relatively large, and it was found convenient to use a double audio-
modulation procedure for their measurement. A fairly high frequency, about 2500 cps,
vas used to place a sideband of the compound resonance close to that of the reference;
in addition, a low audiofrequency was uced in the normal manner, that is to calibrate

the sweep nte,




All of the results reported for protons were obtained using a resonance freéquency
of 60 Mr; and those for ?19; 40 Mé, The éexperimental values 6f chémical shifts and of
coupling -onstants given in the tébles and plotted in the figures are averages of about
ten determinations and the érrors shown are the standard deviations, with no allowance
for any possible systematic errors.

The infrared studies weré carried out by means of a Pérkin<Elmer Model 21 spec-
trometer on samplés at room temperature.

Most of the haloethane samples were obtained from various commercial sources and
vere uséd without further purification. The CHC13CHCls, CHafCHzBr, and CHapfiCHoCl were
from Bastman Kodak Co.; the CHClzCHFCl, CHC1lzCHF,, CFoBrCFBrCl, and CHBrzCH;Br were
from K and K Laboratories, Jamaica, N. Y.; and the CF2C1CFCls (Freon 113%) was from the
Matheson Co. The remaining samples, of phenyl-haloethanes, came from the local stock
of chemicals synthesized in connection with organic research; some of these samples re-

quired repurification.

11I. Mathem.tical Analysis of the Data

NMR Experiments

The fitting of Eqs. (4) and (6) to the observed temperature dependence of (7, ) and
(J N J> presents some computational difficulty because of the exponentials in the unknown
OB 's. Initially, efforts were made et ®hand solutions®, ueing a desk calculator and
also graphical methods. However, the work is tedious even when the two gauche forms, 1
and 3, are identical and the unknown parameters are reduced from five to three,

AB =Bg - By ;t - ;s, and Jt and J8 or ¥ and 12. For this case, Eq. (6) takes the

form

23 + J_exp(-0E/RT)
t i -
(3= 5+ exp(-OB/RE) . ° (7)

in vhich it is imp.icit that Bt P 38. If one assumes a value for AE, or if a reliable

result is availasble from another set of e:periments such as infrared spectroscopy, then
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the coefficients of Jg and :It in Bg. (7) can bte caleculated for each temperature,
T1, ... T, a8t vhich there is an experimental value of (J). This leads to a set of

k equations of the form
Chr = 2lg * By (8)

which i8 lihea¥ in the unknowns, Jg and ‘jt . The reduction to linear form permits the
application of standard least squares methods to the evaluation of best trial values
for J8 and J’t. With these and AE, it is possible to calculate (J ) as a function of
temperature with Eq. (7) and to obtain thereby the sum of the squares of the deviations
of the experimental points from fhé theoretical curve. The sum is minimized by repeat-
ing the process with systematic¢ variation of AE.

The time consuming nature of the calculations led to the writing of a program to
do them on automatic digital computers.l? The program for the case of three unknown
parameters, e.g. Eq. (7), was written for the IBM 650. Calculations with this program
were sufficiently time consuming that it seemed advisable to write the general, five-
parameter program for the Illiac, a faster machine than the IBM 650, Even so, such
general solutions were time consuming (~10 hrs ) in cases where the observed tempera-
ture dependence vas relatively small and the errors in the date relatively large.

In a general sense, the mathematical problem is the following. Given a set of ex-
perimental values thversus T , and an analytical function F = F(a,B,¥...,T) involving

ve willh to detePmine values of @,B,Y,...
the unknown parameters Q,B,V,.../such that F is a "best fit® to the experimental data

in the least squares sense, In cther words, values of Q,B,¥,... are desired such that

the auxilliary function,
Q ;Zklrk- = F(G,B,J,...Ik)la ) (9)

is a minimum. The programs written start with en initial set of trial parameters
a,B,¥...; they calculate ,l"(q,b,z{....Tk), for instance Bq. (7); and then, ({ according to

Bq. (9). The programs locate a minimum in @ by stepping each of the parameters in
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turn, in the direction of &ecreasing ¢, until a complete cycle produces no further de-
crease. This procedure giwses equal weights to the experimental points even though in
some sets of data the stanc3ard deviations of various points diffey appreciably.

An initial version of the five-parameter program attempted minimization by a gra-
dient, or "steepest descent™®", method. A characteristic of this method, however, is
that it tends to give errommecus results when the function minimized is a very slowly
varying function of one 6f the variables. Unfortunately, this occurs in the cases
treated below, the bad varsdableé being one of the AE's,

After the minimizing —values @q;Bo,¥5... Of @,B,¥::. were determined from a given
set of experimental data, ~the probable errors in the parameters were estimated as fol-
lows. The function 4 is e: xpanded as a Taylor series in the ne.ghborhood of the mini-

mum. This gives
P= @obordore) = BF (e0) + &) o)+ &, (o) —(—4) (em)?
Qg 0
1,92 2 . 1,3% : (10)
3D e a(a—?;-)go(ax)z ..

Now, at the minimum in @ t=he first derivatives all vanish. Therefore, if in Eq. (10)

we hold all parameters cormstant but one, we obtain equations of the form

Qo

"¢(GQ,50,XQ;'“) ~ (,_ﬁ) (m)g . (11)

Furthermore, the accuracy of the experiments establishes an upper limit on allowed va-

lues of . This limit is defined by

=\ 2 :
q =z (6F, )% , (12)
exp [y k
where brk is the uncertai-mty in the measurement of Fk. Accordingly, a good estimate of
the uncertainty &g in Qg = is obtained by solving for &0y in the equation

éfl M2, 1
acx2(0(,,,»0) (13)

r\)/LH

A¢=""7 ((exp - ?(QO:BO'XO.H“)

ot 4




This yiélds the result

1

Y
20 5 L2(80) (P4f), ) (1)

with similar equations for the other parameters.

The second derivatives at the minimum were estimateéed numérieally from tabulated
« values, assuming that ¢ is a parabolic function of each of the parameters in the
neighborhood of the minimum. The results réported herein are then given as
a=ag + (tas), etc. The assumption that ¢ is e parabolic function appears to be good
in the three-variable ¢ases, In the five variable results,; however; thé surface near

the minimum appeared more like a long, narrow trench, so6 that the maximum possible er-

ror in the most uncertain AE is much larger then the computed probable error.
Throughout the caléulations it is assumed that the experimental erfors of about

;10 in the temperatures Tk are negligible. This is justified by the relatively small

changes and large errors in (J) and { ¥) over the large temperature ranges investigated.

Infrared Experiments

In the determination of the AE's between rotational isomers from vibrational spec-
tra, the optical density A is measured fcr an absorption band of each isomer. The def-

inition of A follows from the Beer-Lambert law,

A = 1n(Io/1) =#Ca , (15)

where I, and I are the intensities of the incident and transmitted radiation, § is the
molar extinction coefficient, C is the concentration of absorber in moles/cm®, and 4 is
the cell thickness in cm. For compounds having two equivalent gauche forms and &

trans, the ratio of optical densities may be written as

A KC  ¢x 24
B BB . EEy oy (+aB/RT) . (16)
Av il Xy K

The A's are obtained directly from experiment. However, b-fore AE may be determined,
it is necessary to know'KS/K?, the ratio of the extinction coefficients. This is ac-

complished usually® by observing Ag/A+ at two or more temperatures.




An alternate method, which we used, is to change the relative concentrations of
the rotamers by changing the solvent, at a fixed (room) témperature. This method is

applicable only when there is a difference in the dipcle moments of trans and g

forms 80 that a more polar solvent increases the concentration of the more polar rota-
mer, and vice versa, Partial differentiation of the numerator and denominator in

Bq. (16), and rearrangement, leads to the equation

DA bx,
bA, Axg

But X, 3 xg = ) and ax, = ang. This enables us to rewrite Eq. (17) as

.ﬂg/&(,c W/ (18)

and to6 combine it with Bq. (16) to  ive

exp(-AB/RT) = -(Ag/At)(AAt/AAg) ’ (29)

in vhich all parameters but AE are measurable. This derivation assumes that the ex-

tinction coefficients and AE are independent of solvent, and at least the last assump-

tion is none too good.

IV. Experimental Results

A. CHCl.CHClp

(Jhﬂ).s The coupling constant in pure liquid s-tetrachloroethane was obtained
from the satellites produced in the proton spectrum by the C13.H coupling in the
C13.¢c22 jsotopic species.’® A doublet which is half of an ax type spectrum®’3 is vis-
ible on each side of the single line from the C12-C12 molecules, and the doublet split-
ting is <JHH>' The values measured over a range of temperatures are listed in Table I

and they are plotted in Fig. 2.
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Table I. The temperature dependence of { Jgg end

<VH> observed in liquid CHC13CHCls.

Temperature I Temperature p®

2389K 2.67 # 0.07 cps 266°K 77.10 + 0.20 cps
263 2.84 + 0.08 296 77.80 + 0.12
26k 2.90 #+ 0.07 333 78.37 + 0.18

295 3.10 + 0.07 315 79.07 + 0.18
300 3.06 + 0.12 396 79.28 + 0.29

327 3.24 + 0.07 haly 79.71 + 0.07

361 3.40 + 0.03 459 79.96 + 0.16

395 3.55 + 0.05

414 3.67 + 0.08

“The chemical shifts were measured at 60 Mc with respect to an internal reference,
CHCls; the larger shift at higher temperatures is an upfield displacement.




61)...5

Cps

Fig. 2. The temperature dependence of { JHH} and (1{1) in liquid CHC1CHClg. The
chemical shift (¥ ) is upfield vith respect to the internal reference, CHCls, and
vas observed at 60 Mc. The best-fit lines drewn through the experimental points

vere calculated with Eq. (7). The values derived from the calculations are
HH

Jg = (+)2.01 # 0.08 cps, Jtl‘m = (+)16.35 + 0.80 cps,
0B = B - B = +1085 + 30 csl, and VSH = 75.0 + 0.2 cps,

V" = 114.0 £ 1.6 cps, AB = +1100 # 35 cal, trom(Jy) end (%)

respectively.
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In this compound, the twc rotawers with the hydrogéns gauche to one another are equive-

lent. Therefore, Eq. (7) was used t6 fit the temperature dependence of’(JHH), with the results

given in Fig. 2. It is important to note that the denominator of Eq. (7) is not ®symmetrical®.
Therefore, the data cannot be fitted equally well by inteérchanging thé values for Jiﬁ and J’im
with a change in the sign of AE. The analysis establishes unambiguous valués for the three pa-
rameters, except for the usual uncertainty in the absolute sign of the Jis.

(VH).a The temperature depéndénce of (VH)was obtained by measuring the position of the
single line from the C}2-C12 molecules with respect to that from~5% of an internal reference,
CHCla. The proton resonance in CHC1zCHClp is about 80 eps upfield, at 60 Mc, from that in
CHCls, and this difference increases by a few cps at higher temperatures, as shown by the ex-
perimental data listed in Table I. CHClz was chosen as the reference because of the probabil-
ity that hydrogen bonding, as well as thé equilibrium between gauche and trans forms,
contributes to4(?%) and its temperature dependence. The importance of hydrogen bonding was es=
tablished by measuring(lﬁﬁ) with respect to both (CHay)451i and CHCly at two quite different tem-
peratures in a solution containing 2 o 5% of each reference. The change inA(Pﬁ)'with respect
to (CHg)4Si was found to be +5.8 cps while that with respect to CHCla was only +1.5 cps.

The effects of the equilibrium between rolamers could be separated from those of hydrogen
bonding, or other interactions. by observing (?%) in a dilute solution with an appropriate scl-
vent. But this would affect AE as well,! which is another type of problem. However, one would
expect CHCls and CHC1lpCHClp, to be similar in their hydrogen bonding properties, so that the
temperature dependence of { ‘/H> with respect to CHClz may depend primarily upon the equilibrium

between rotamers. Therefore, the data were fitted by the <V%) equivalent of Bq. (7), with the

t
imental error of the AE value (1100 cal) from(#) vith that (1085 cal) from{J5 could be

results shown in Fig. 2. It is seen that Y i is upfield from Vgn. The agreement within exper-

fortuitous; nonetheless, it lccks geed.

a
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B. CHC1CHFs

<Jiﬁ .= This compound is similar to CHC15CHClp in having two equivalent rotamers
in which the protons are gauche., The two protons and two fluorine nuclei constitute an
an abxp system®’3’1® guch that the rotational averaging makes the two fluorines (xz)
magnetically as well as structurally equivalent. Général expressions havé been re-
ported for the transitions and inteénsities in an abxp spectrum ® 1 our example, the
proton spéctrum consists of two overlapping ®triplets®. That at lower field has a
large splitting and thus arises from the CHF» group. Upfield by about 10 ¢ps, at
60 Mc, from the ceuter of the first ®triplet® is the second proton "triplet® with a
smaller splitting and hence from the CH-CFz group. In addition, each component of both
®triplets® is a close doublet because of splitting by (Jm). The central part of the
spectrum is distorted greatly by mixing of the spin states. A detailed fit of the room

HF
temperature spectrum gave the following values: < oV, )— 10 ¢ps, < J ge

m = (+)55.0 cps

(in CHFp group), <JHF/ = (+)7.75 cps (in CH-CFp group), and (JHH‘; = |3.50 eps. The
two outermost components of the CHFs triplet, which correspond to MF = 41, are virtual-
ly pure doublets whose splitting gives <JHﬁ> directly. The complexity of the rest of
the spectrum limited our present measurements to (JHH , the results for which are given

in Table II. The fitting of these data by Eq. (7) is shown in Fig. 3.
HF

(J )and/Ji,.

- The F'® resonance of CHCl1aCHFp is virtually identical with
lines with a common center. (The xp spectrum of an abxp system is given by the same
parameters as for an abx ;system.)l»"?’19 The cutermost pair is the strongest, with unit
intensity, and their splitting is assigned unambiguously as l( J <Jv1c> This
proves that both H-F coupling constants are of like sign, as listed in the previous pa-

ragraph. It should be rather easy tc analyze the temperature dependence of the fluor-

ine spectrum, as described for CHCloCHFCl; but this was not done.




The temperature dependence of (J)

observed in liquid CHC1zCHFj.

Temperature (3 oy Temperature {3 )
210°K 3.09 + 0.03 cps 3289K 3.59 + 0.06 cps
239 3.2k + 0.06 363 2.68 + 0.09
67 3.38 + 0.08 393 3.72 + 0.06
296 3.47 + 0.06 hak 3.79 + 0.11
298 3.46 + 0.06 458 3.84 + 0.09
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Fig. 3. The temperature dependence of (Jm> in pure liquid CHClgCHFp. The solid
line through the experimental points was calculated with Bq. (7) using the best fit

parameters OB = B, - B = +495 + 40 cal, J:n = (+)2.01 + 0,09 cps, and

t
Jtm = (+)10.25 + 0.40 cps.
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infrared.- These results are summarized in Table I1I. Analysis of the room tem-
pérature infrared spectrum of the 1iguid led to the assignment of a C=F stretching band
at 1155 em”? to the gauche rotamer and ome at 1095 em'* to the trans. The ratio of the
extinction coefficients was obtained by measuring the optical densities of these bands
in two pairs of solutions, 2% and 4% by volumeé of CHC1zCHFy in CHClg and in CSz. The
optical densities of these bands in the pure liquid then led to a value for

AR = g’t - BB of +350 £ 50 cal.
¢. CF3C1CFClz

General Aspects.- This compound is similar to the two preceding in that of the
three forms shown below, two (1 and 3) are equivalent gauche forms. The trans rotamer,

2, is defined as that in which the Cl of the CFoCl group is trans to the F of CKClp.

Equation (7) applies to (‘Vx F )» the aversged shift of the fluorine in the CFClp group.
However, a somevhat different equation must be used for (Var), the shift of the two

FF
fluorines in the CFgCl group, and tor { J,qoy» the coupling between the CFClp fluorine

ics’
and each of the two CFeCl fluorines. The need for a new equation results from the non-
equivalence within a given gauche molecule of the two fluorines in the CFgCl group;
however, the equivalence of the two g auche forms and the rotational averaging make

these two fluorines identical. Becauce of this we have
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Table III, Infrared results used in detérmining

OB for pure iiquid CHC1lzCHFj.

Solvent xg Optical dénsities for pure liquidb

pair® K, Ag at 1155 em ! A, at 1095 em !

CHCl3-CS, 0.205 0.308 0.457

CHC15-CSp 0.183 0.398 0.586

®The ratio of extinction ccefficients was obtained via Eq. (18) from measure-
ments of Ag and A, in two solutions of CHCl,CHFp, one in CHCls and the other
in CSz;. The first ratio is from 4% solutions; the second, 2%.

bThe two sets cf data are from samples of different thickness.
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FF FF FF
FF J.° +J_ exp(-AE/Rr)+J

(3 v1c> (Ja x) < \7- (/203 F + %3, + (x/2)7,, = BB s

(20)

where AE = Et - Eg. The subscripts on x &nd E denote the rotamer; and those on J, the

structural relation betweén Fx and Fa (L or 2).

In general, oné would not expect JAFF and J to be identical eveni though Fa and
F are gauche to one another in both cases. This is ?;cause Jg (unprimed) is a
gauche parameter in a gauche rotamer, 1 ¢r 3; while Jg, (primed) is a gauche parameter
in the trans rotamer, 2. Undoubtedly, there aré some differences in bond angles and
other aspects of the electronic structure of the two rotamers, which in prineiple would
cause at least small differences in the coupling constants. Therefore, Eq. (20) and
its analogue for < VaF) involves fcur unknown physical parameters. Nonetheless, the
functional form 15 identical with Eq. (7) and only three parameters may be obteined di-
rectly by analyzing the temperature dependence of ( Jii& ; these are AR, J?, and

‘F
FF , )/2. Similar considerations apply to (1/ >e

g+
<J§ic)'° The fluorine spectrum of this compound is virtually of the apx type;2’3
and consists of a doublet (x1:1) for the CFoCl group and an upfield triplet §1:2:1) for
the CFCly group. The chemical shift between the two sevs of fluorine,
(A (VFHKF) % 150 cps at LO Mc, is over fifteen times as large as the intergroup
coupling, <Jvic> 2% 9 cps. Therefore, even though there are small deviations from the
first order intensities, the splittings of the doublet and of the triplet are an accur-
rate measure of (Jz&. Values for it are listed in Table IV for temperatures between
23%6° and 471°K. These results nave been fitted using Eq. (20), as shown in Fig. 4, and
the best values obtained for the parameters are 0B = E,_ - Eg = 2760 + 120 cal,

!'! FF
= (-)21.17 + 0.13 cps, and (J ' t') (+)18.86 + 0.13 cps. The latter leads to a
ErF

Fl FF
value of (+)40.03 + 0.13 cps for ;‘, i£ one assumes that Jgn = Jg,.

(Vap) and <1/XF).9 The equivalence of the two fluorines in the CFoCl group
FF
makes unobservable their coupling, <Jgem>‘ Or the cther hand, the chemical shifts

(1/3) and(/ﬂr} of the two sets of flucrine are given with sufficient accuracy by the
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Table IV. The temperature dependence of(Jv1c> and of

(9,7 ana (¥} observed 1n liquid CFaCLCRCL,.®

— e = g ————————— —_—
Tem. (Tyye) Tenp. ) W5
°K cps ok cps cps
239 9.41 + 0.04 232 2892.1 2724.9
270 9.37 + 0.06 267 2886.5 2722.6
295 9.30 + 0.05 295 2881.1 2721.1
330 9.17 + 0.05 328 2874.3 2718.2
366 9.06 + 0.08 362 2868.0 2715.3
397 8.92 + 0.07 396 2858.4 2710.1
431 8.84 + 0.05 433 2850.3 2705.4
470 8.59 + 0.CT 470 2839.9 2698.3

a’I‘he chemical shifts vere measured at 4O Mc with respect to an internal refer-

ence, CFCly; the standard deviations of the shifts are all about +0.06 cps.

The larger shifts at lower temperatures are upfield displacements; moreover,
F ‘ 7 oF

(¥, ) for CFClp is upfield from (%" ) for CFCl.
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through the experimental points was calculated with Eq. (20), using the best fit va-
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center line of the triplet and by the midpoint of the doublet, respectively. They were
observed as a function of temperature with respect to CFCls as an internal reference;2°
the results are summarized in Table IV. It has been pointed out that the resonance po-
sition of CFCls is concentration dependent.2° This suggested that there might be tem-
perature dependent shifts resulting from changes in the concentration of CFCls because
of its high volatility (bp = 24.19C), even though the sample tubes were sealed. How-
ever, the total change found;, at 22°C, in ( /:) and (VXF) for solutions ranging from 1
to 10% in CFCle was only about 0.3 ¢ps, which indicates that such effects were
n2gligible,

The data for (Vx?) and (Vf} have been fitted by the chemical shift versions of
Bq. (7) and Bq. (20), respectively, and the results are shown in Fig. 5. No errors are
given for the parameters calculated from (VXF) because the best fit of the data gives a
least squares sum larger than that of the data, i.e. ‘Pmin = 3,2 >¢ exp =2,01in
Eq. (13). Thus, systematic error is present in the data or in the analysis. Further-
more, there is a rather large discrepancy among the three AE values: 2760 #+ 120,
2000 + 10, and 2675 cals, from(Jf:a s { fo), and { z/aF ) respectively. A likely cause
of these anomalies in the chemical shift results is molecular association. Therefore,
en analysis was made of the internal shift ( Vx 'F) - (z/aF/\ » with the hope of cancelling
some of the deviations. This gave an intermediate value, 2300 + 10 cal, for AE but the
large value of 18.9 for ‘pm,in shows that the fit of the data is even considerably worse
than for (VXF> , leading us to conclude that systematic errors occur in both sets of
data, but in opposite directions. This was borne out by an analysis of the shift sum,
(‘JXF) + (VEF) vhich gave a value of 2220 cal for AE and a fit of the data almost within

the experimental error, i.e. (/ min ™ 2% exp.
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The temperature dependence of the F!® chemical shifts in 1iquid CFgClCFCl,.

The shifts, observed at 40 Mc, are upfield with respect to the internal reference,

CFCly. The lines through the experimental points were calculated with the

equivalents of Bqs. (7) and (20) for <J/xr> and (t/:}, respectively, using the best-

£it values 4B = B, - E_= +2000 + 10 cal, ¥ (F,) = 2899.0 £ 0.3 cps,

%,(F,) = 1840 + 10 cps, and AR = 2675 cal, ¥, (F,) = 1777 cps,
[Vg(l’g) + Vo (F)1 = 5k52 cpe.
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D. CFClaCHCls
(J'm,)a- In the course of our work, Abraham and Bernstein?! reported measurements
of (J-m,> in the 60 Mc proton spectrum of CFCl1,CHClp, as a function of temperature.
They used graphical methods to fit their data with the equivalent of Bq. (7) and ob-

tained values of AB = Bt

the designations of the rotamérs correspond to the spatial relations of the H and

- Eg = 4400 cal, Js,m' = 1,03 cps, and JtHF = 18.08 cps. Here,

F atoms. However, the values for <‘T‘ﬂf'> calculated with these parsmeters shov?l small,
but systematic, deviations from eéxperiment; and probable errors were not given for the
parameters. For these reasons, as well as the similarity of the compound to those re-
ported here, we analyzed their data which is of particularly high quality because the
spectrum lends itself to use of the wiggle-beat method to measure ( jﬂi‘)’ Our results
are the following: AE = +400 & 4 cal, .Tsn = (+)1.00 + 0.02 cps, and

HF

J, = (+)18.20 + 0.08 eps.

E. CHC1,CHFC1
General aspects.- This compound differs from those treated above in that the

CHFCl carbon is asymmetric and, therefore, all three rotamers are non-equivalent as

shown below for one of the two optically active molecules. Accordingly, the nmr ob-

servables should be described by the general five-parameter expression, Bq. (6). How-

ever, as a first approximation one might expect forms 1 and 3, in which the protons are

e




tauché, to have more nearly the same energy than the trans form, 2. Similarly, one

would expect the gauche H-H coupling constants in 1 and % to be nearly the same, as
well as the gauche H-F coupling constants in 2 and 3. Theseé approximations were made
initially in anelyzing the observed values of‘{JﬁH> and <Jg:c> with the three-parameter
program. Five parameter analyses were made later,

(I = The nmr spectrum of the compound is of the abx type.2’12 The proton
resonance consiste of two partially overlapping ab-type quartéts, readily assignable by
means of the symmetry required for each quartet. The proton r?.s’orlanee from the CHFCl
group is about 25 ¢ps downfield, at 60 Mc, from that of the CHCly group; the overlapping
of the quartets discouraged us from determining the small tempeérature dependence of the
proton shift. The shift assignment is basedl? on the fact that (Jgem) is several-fold
larger than <§3:;). Within each proton quartet, <JHH> is the splitting between an out=
er and the nearest inner line, and this quantity was measured directly on the récorded
spectra. The temperature dependence observed for ( JHH) is given in Table V and plotted
in Pig. 6, vhich includes the best-fit curves calculated with both the five- and the
three-parameter functions, Eqs. (6) and (7). The results obtained are summarized in

Table VI.

HF HF
<Jgem>md<Jv1c\’" The F'® resonance, at 40 Mc, is of particular interest in

that it exhibits all three pairs of allowed transitions.!2 Furthermore, the strongest

pair of lines, with unit intensity, is the outermost. Their eplitting is
HF HF
‘ \

<J‘m) +(J

constants are of like sign. The other two splittings involve the difference between

vie’ |’ vhich demonsirates unequivocally that the two H-F coupling

the two H-F coupling constants, (Jp.), and the chemicel shift between the two protons.
The latter can be eliminated from the expressions for these splittings by introducing®
the value ot(Jm> obtained from the proton resonance. Thus, measurement of all three
splittings in the F'® gpectrum leads to values for the sum and difference of the two
H-F coupling constants, and thereby to values for each. In addition, the analysis
gives the chemical shift between the two protons, but the temperature dependence ob-

tained for it in this wvay proved too small and uncertain to be useful.




Table V. The temperature dependence of (Jy.) and
- 7 a
{34, observed in liquid CHC1pCHFCL.

G

Temperature Igm? Temperature {Iysed

206°K 3.01 + 0.07 cps 212°K 9.86 + 0.11 cps
218 3.02 £ 0.02 2u6 9.5k + 0.22
239 3.23 £ 0.06 271 9.25 + 0.1k
267 3.51 + 0.02 295 9.07 + 0.13
275 3.55 * 0.06 323 8.98 + 0.17
296 3.64 + 0.07 327 8.94 + 0.19
298 3.69 + 0.0L4 360 8.67 + 0.09
327 3.85 + 0.08 397 8.54 + 0.10
343 3.86 + 0.06 423 8.42 + 0.16
345 3.86 + 0,06 b2l 8.59 + 0.12
362 3.95 * 0.08 L57 8.35 + 0,11
393 3.93 * 0.07 410 8.37 + 0.10
296 4.03 + 0.11

403 3.91 + 0.08

432 4,02 + 0.06

435 4,06 + 0.09

451 4.03 + 0.09

469 k.11 + 0.07

®he values for the H-C-C-F coupling, {J_, ), were cbtained from the F1® spectra
and :or(JHH) from the H! spectra.




-29-

—10.0

19,5

! HF
| 'J"ié>
34 F AV 490
Cps

Cps

30 ﬂ 85

Fig. 6. The temperature dependence of <JH,H> and of ( ch) in pure liquid CHC1CHFC1.
Tre solid lines through the experimental points are the best-fit, three-parameter
functions, Eq. (7) and Eq. (20), assuming that the two gauche coupling constants are
equal and that the two rotamers with the protons gauche ere of equal energy. The

dashed lines are the bes.-fit, five-parameter functior, Bq. (6). The values of the
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Table VI. Results obtained from the three- and five-parameter
analyses of the temperature dependence observed for
(Tgq0> andd Jﬁ o) 10 pure liquid CHCLaCHFCI.

3-param. 5-param. 3-param. 5-param.

cps? eps® cal cal

3, (g) +0.33 + 0.09 +1.63 + 0.15 g, 0 0
32(t) +15.0 + 0.3 +16.5 + 0.3 Es 325 + 20 400 + 15
35 (g) 5, (g) -2.62 * 0.65 Ey B, 970 + 75

Jiﬂ(t) +38.0 + 0.2 +37.3 + 0.3 B, 0 0
37 (g) 9.58 + 0.12 +13.2 + 0.4 Es 360 + 15 110 + 10
39 (g) 32" (g) -2.8 + 0.4 Ey B, 115 + 72

&The signs given for the coupling ccnstants are relative, and then only for the H-H
and H-F constants separately, with the largest arbitrarily taken as positive. With
the same convention, the temperature independent value of ( J_ is +49.1 + 0.2 cps

. gem
with respect to the Jsfc values.

hTheae results are to be compared with a value of E - Eg = +375 + 160 cal obtained
from our analysis of infrared data, which assumes that both "gauche” forms have the
same energy or else that one 1s much lese stable than either of the other two forms.
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Moreover, this indirect prccedure, as well as the relatively large splittings in-

volved, gives less reliable values for the coupling constants than direct measurements.
In any case, (J:m) was found to have a constant value of (+)49.1 ¢ps within an experi-
mental error of +0.2 cps at twelve temperstures ranging from 212 to 470%K. The corres-
ponding values fo:-(.T?:c) are included in Table V and plotted in Fig. 6. In fitting

the latter with three parameters, Bq. (20) must be used instead of Bq. (7) because the

mers, The results, as well as those from the fivé-parameter analysis, are summarized
in Table VI,

In the latter, the assignment of the E's and the corresponding J's to the particu-
lar forms can not be made from the analysis alone, because the five-parameter equation
is invariant to the assignment. However, from the preceding examples of more symmetri-
cal compounds in which the asymmetry of the three-parameter function provides assign-
ments, it appears that |J t‘l > |ng for both the H-H and H-F vicinal coupling ?co?ﬁeitants.
Therefore, rotamers 1 and 2 were assigned as those in which the magnitudes of Jvic and

HF
J are the largest, respectively, and rotamer 3, as that remaining. The AE's ob-

vie
tained from the two sets of data agree rather poorly, and the assignments of Jgnr(g)
and J,nr(g) may be reversed. On the cther hand, it is clear from the results for
(‘IHH)’ the most reliasble in Table VI, that the assumption of E; = Es in the three-
parameter analysis is invalid, even though the values calculated for the J's are rea-
sonable. This may be seen also in Fig. 6, in which the best-fit, three-parameter
curves deviate syst_ematif:ally from the experimental points. At best, it seems risky to

simplify the analysis of molecules with three non-equivalent forms by assuming two to

have the same energy.

Intfrared.- These results are summarized in Table VII. Analysis of the room tem-
perature infrared spectrum of the liquid led to the assignment of a C-Cl stretching
band at 794 cm ! to the trans rotamer and one at 820 cm'! to the gauche, The ratio of

the extinction coefficients was obtained by measuring the optical densities of these

bands in four pairs of solutions. The optical densities of these bands in the pure
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Infrared résults uséd in detérmining

OE for pure liquid CHC1,CHFCL.

P Z «7 103 ca lens Lies DUurY ] I b
Solvent paira £ Optical dgnsiz?es for pure l%qui?
Xt A, st 820 cm 1 A, at 790 cm™
031{12 -dioxane 0. 362 0.4k46 0.406
0.182 0.16

aThe ratio of extinction coefficients was obtained

via Eq. (18) from

measurements of A8 and A, in solutions cf CHC1CHFCl, at the same vol-

ume concentration, in each cf the two solvents listed. The first
three ratios are from sclutions containing 5% CHC1CHFCl; the last,

20%.

bThe five sets of data are from samples of different thickness,
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1liguid then led to a value for AR = it

ally, is independent of whether only one or both gauche forms contribute to the 820

- Eg of +375 + 160 cal. This result, incident-

e 1 absorption band.
F. CFsBrCFBICl

General aspects.- This compound is similar to CHClpCHFCl in having three non-
equivalent rotamers and an nmr spectrum which is of the abx type.2’12 fThe rotamers are

identified as shown below. The nmr spectrum is from the CFoCF group which, however,

has lower symmetry than that discussed for CFaClCFClp in Section IV.C, and, therefore,

ve will find the results in the latter to be helpful.

Fr
(Jgem>.- The F'® spectrum of the CFpBr group in CFgByCFBICl is the ab part of

the abx system. The ®doublets® within each of the two "pseudo-quartets®™ are readily
quantity was found to have a temperature independent value of 166.8 cps, within an ex-
perimental error of +0.5 cps in the temperature range -49°C to 133°C.
1?F\ E\ F VF

<ng/: (be,, and |(Va - Y )| At temperatures of +50°C and above, with the
eight lines of the ab portion of the spectrum numbered comsecutively from low to high
field, the doublets are 1-3, 2-5, 4-7, and 6-8. One assigument into quartets is 1347
and 2568; the other 1368 and 2547. However, the 2547 assignment overlaps the doublets
vithin the quartet, which is impossible; so the first assignment is correct. The sep-

FF Fr
\ il/¢° N
aration of the quartet centers, about l¢ cps, is él\Jax7 + <Jb X/l .
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The CFBrCl part of the spectrum,throughout the range of température investigated,
is about 370 eps upfield (at 4O Mc) from CF»Br and consists of a 1:2:1 "triplet™ with
the center line an unresolved doublet. The 1k cps splitting of the outer lines is
<gFZ/ <J >‘, and since it agreés wish the separation of centers of the ab quar-

FF_ FF
tets, 1t must be the sum. This shows that { 3,y end (3 ) beve the same sign through-

out the temperature range ih question, and enables the ab quartéets 6 bve assignéa
correctly at temperatures below 229C where their centérs overlap.
The central splittings of the ab quartets and of the outer pair of x lines were
FF

meagured as a function of temperature. The results, along with the value of <Jgem/'

FF
were analyzed as for CHClpCHFCl to obtain values sz*(JA#) ( x/’ and '<§/F - 1/ },
which are listed in Table VIII and plotted in Fig. 7. These data were fitted with the
five-parameter function, Bq. (6), giving the results listed in Table IX and the curves
drawn in Fig. 7. Again, there are systematic discrepancies in the chemical shift be-
cause for it the best fit 'giv’es?min = 2.5 » &(exp = 0,8.

Assignment of the parameters 4o specific rotamers can be accomplished with cer-
tainty only in part. Matching of the E's from the chree sets of data is unambigucus
except for the two values of E = O from |(AVF), ; the ma*ching given in Table IX rot
only follows the relative values of E but it is required in order that |J FF, )»\ FF’
as we found to be the case in CFpClCFCl,. The greatest difficulty is that nelther the
spectrum itself nor the parameters derived from its temperature dependence differenti-
ate directly between Fa and Fb; i.e. rotamers 1 and 3 are indistinguishable. Some in-
formation is contained in the fact that the central splitting of the downfield ab
quartet is found tc be larger “han that of the upfield ab quartet. This asymmetry de-
pends upon the chemical shift of the fluorine (F?"P or Fb) ;I;ich, 1s coupled most strongly
to ‘Fx' In combination with the finding that <Jax> and (be> have the same sign, this
leads!® to the conclusion that the fluorine (Fa or Fb) with the smallest value of
{ tfc7 is shifted upfield from that with the largest value. But further information is
required to tell which is which. As 2t best & guess, it seems likely that in rota-

mer 2, the resonance of F will be downfield frcm Fb’ and the entries in Table IX are

labelled accordingy.

4




Table VIII. The temperature dependence of ( J

FF

P\
ax!? {Jux/s

¥

and

of ,‘<;)a?6 1{’?), cbserved in liquid CfEBfC?Brclaa

om

(ue?

13.32 + 0.10 eps

13.32 + 0.15
13.36 + 0.25
13.28 + 0.20
13.10 + 0.15
13.20 + 0.15
12.98 + 0.10
12.86 * 0.15

12.80 + 0.15

14.90 + 0.15 cps

14.70 # 0.15
1k4.58 + 0.25
14.54 + 0.20
14,55 + 0.10
14.40 + 0.20
14.28 + 0.20
14,18 + 0.10

13.92 + 0.15

She spectrum itself does nct give the sign of the chemical shift nor does it

differentiate between { Jgi > and ( J':i) The spectr

ter have the same sign; mcreover,

um does show that the lat-

t requires that| FEs| - '(ng )| have a sign
F F ax X :
opposite to <‘Va -7{)'), as listed. 1In this regard, it is important to remember
that a larger positive number is an upfield (down-frequency) shift.

b'l'he standerd deviations of the chemical shifts are all about +0.3 cps.
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Fig. 7.  The temperature dependence of(JZ\,, { J:: ), and of KA’)ID' =| (,ir%r)' 1n
pure 1iquid CF F, BrCF BrCl. The lines through the experimentsl points are the best-
fit, five-parameter functions, Bq. (6). Values of the parameters are summarized in
Table IX. The standard deviations of the observed chemical shifts are within the

size of the points plotted.




-'-37'-

Table IX. Results obtained from the five-parameter analyses of
the temperature dependence observed for ( J{i): <J{§> ’
F P . . s - e a8
and |(3,"-%")| in pure liquid CF,F, BrCF BrCl.
— — — — T
fotaner® E Bax) £ (T . UL-%)
- cal éps eal eps ¢al eps
1 0 +38.7 + 0.3 0 +5:3 + 0.2 0 +178
2 2695 + 4257 12,0+ 0.3 605 + 20  -10.5 4 1.0 645 273
3 0+6 -8.9 + 11.2 230 * 10 +41.6 + 0.4 o} +T5
“rhe signs given for all of thée coupling constants are relative, the largest arbitrarily )

listed as positive.

he assignments are based in paert on the assumption that ( Va F-}{,F) is negative for rota-

mer 2. BSee text for details.

a larger positive number corresponds to an upfield shift. The shift assignments for rota-
mers 1 and 3 are uncertain; they may be interchanged without affecting any of the other as-
signments. No errors are given because ¢ mip ?exp.

FF

d’l’his value is particularly unreliable because <Jax) changes by only about 0.5 cps over a

250°C temperature range, and this small change has to be obtained by indirect methods from

the spectra.
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G. CHXaCHsY and CHaXCHaY

Proton spectra were observed for several compounds with bulky groups in the hope
that cases would be found in which the energetic preference for one rotamer would be
great enough to make the observed H-H coupling constant a good appmximatiogi for Jﬁc
in that form. Howcver, in four cf these compounds, the values found for Jﬁe were
virtually température independent and of & magnitude supporting the interpretation that
all three rotamers are of nearly the same energy. Nonetheless, the results which are
summarized in Table X are of some interést as shown below.

HH

<J'vic> in CHPCHp(COP) and CHBrzCHzBr.- The proton spectra of the CHCHp group
protons in these compounds are of the apx type,? consisting of a 1:2:1 triplet with the
a2 1:1 doublet about 100 ¢ps upfield at 60 Mc. The splittings within these multiplets
are ( J?;o), and these are the quantities measured and listed in Table X. The oveér-all
symmetry of the compounds is the same as that of CF;ClCFCly, Section IV.C, and the same
definitions are used for the rotamers. Furthermore, Eq. (20) applies to ¢ J’c>, except
that the temperature dependence is too small to use the curve fitting procedures
adopted thus far for evaluating the three parameters involved.

In CHPpCHp(COP) there is a small, 0.05 cps, but apparently real, decrease in
<JV10> upon increasing the temperature from 295° to 402°K. Combining this with
Eq. (20) and the fact that the magnitude of JtH‘B > J ;m, we conclude that the energy
of the trans rotamer, 1, must be greater than that of éhe two equivalent gauche rota-
mers, 2 and 3; i.e, By = 3*5) Bp =B = 38. The trans rotamer is that in which the
CHfz proton is trans to (COP) in CHg(COP). m;;over, a good numerical approximation to

48 = B, - B cen be obtained by noting that {3,

v1c> is very close to the values found in

cases vwhere the rotational potential function has three-fold symmetry.16’22:23 fThere-
fore, it is reasonable to assume AE << RT. With the further reasonable assumption

HH
that J;m - Js,, 2q. (20) can be written in the form

J, = J
<J>~\_,Lt_,9—s‘_%+x, (21)
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HH HE HH
Table X. The small temperature dependence of <‘Tvic> ¥ (1/3)(3,6 4-2.?8 ) cbaerved
in some compourds of the CHX5CHaY and CHoXCHpY types,
and the resultant approximate values of AEY

o - ) ] 7 b
Compound Temperature { Jvic> OB

CHPaCHo (COP) 295°K 7.21 + 0.05 cps +80 cal
CHBrCHgBr 240 6.60 + 0.06 +35

295 6.62 + 0.05

398 6.59 + 0.05
CHgfiCHgC1 295 7.48 + 0.08 -60

397 7.4k £ 0.09

CHfiCHgBr 295 7.56 * 0.0k -90
398 7.50 + 0.09

®A1l of the measurements were made on the pure liquids except $pCHCHg(COP)
vhich was in CHClg solution.

PAE 1s defined as B - Es, where trans refers to the rotamer of unique form and
gauche to that having two equivalent forms; values approximated with Eqs. (21)
and (24).
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by first taking the derivative of (J) with respect to temperature, dropping all but the
constant term in the series expansion of exp(-AB/RT), and integrating.

The form of Bq. (21) does not lend itself to obtaining both |J, - J, and AR from
the experimental data. However, our previous reésults give average values of 14 and 1.5
¢ps for Jt and Jg’ the use of which in EBq. (21) should produce little error. The con-
stant I is eliminated by fitting Eq. (21) to data at two temperatures. In this manmner,
we find for CHPaCHp(COP) that E, - ng* +80 cal., -

The data for CHBraCHgBr show at most a possible slight decrease in <J'Vi o/ with in-
creasing temperature. Averaging of the data in Table X, for 240° and 295°K, and appli-
cation of Bq. (21) to it and to the data for 398°K gives a value for E, - Egz +35 cal.
It 18 seen that the assumption AB (< RT is satisfiéd very well in both of these
compounds.

-

<Jvi e7 in CHpfCHoCl and CHzfCHoBr.- The spectra of the aliphatic protons in
these compounds are of the az'bz' type. In both compounds, the CHa$ resonance is up-
field from that of the CHpX group, the shift being 35 cps in the chloride and 23 cps in
the bromide, at 60 Mc; this assignment is baseéd upon the broadening of the CE3¢ half of
the otherwise symmetrical spectrum by the coupling with the aromatic protons.

The protons in each CHp group are structurally equivalent but megnetically non-
equivalent,®’12 1 e, <J:l:>7‘ <J:,>, except in the high-temperature limit when all
three rotamers are equally populeated and then canly if, as we will assume, the three
structurally different gauche coupling constents are equal, and the two trans. The ex-
pressions for the temperature dependence of the two vicinal H-H coupling constants have
the same form as Bqs. (7) and (20), respectively, vhere AE = E - 38 and the trans ro-
temer 1s that in vhich § and X are trans. )

Because |AB| is small, the two vicinal constants differ only slightly numerically,
and the proton spectra are very nearly of the agbp type, shown in Fig. 6-13, p. 145 of
reference 2. Lines 1 and 3, as labelled there; are readily identified; their separa-

HH HE HE

tion is <Jab> + (Jﬂ;,}, the measured quantity, helf of which is defined as <J;1c

is given in Table IX. Addition of the Bge. (7) and (20) and application of the same

) and
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assumptions and procedure leading to Eq. (21), gives the general form

(22)

yielrs values for AE of -60 and -90 cals, respectively.

H. CHXYCHYZ
In three compcunds of this type, the relatively large values of (.ivie), about

vith trans hydrogens is the stablest form. The modest changes of the coupling constant
over the accessible temperature range are too small for evaluating all of the paramet-
ers but, as in the previous section, some reasonable assumptions permit AE to be esti-
mated., If wve assume that the energies and the J;m coupling constants are the same in
the two non-equivalent forms with the protons gauche, (J) is given by the form of

Bq. (7) which has St as the zero of enmergy. Solution of this equation and rearrange-

ment so that AR is defined as before, ramely Et - Eg’ gives

4B = RI[in(J, -<0) - 1e2(¢)-J )] . (23)

If ve take the previously used values of 14 cps and 1.5 cps for J t and JS’ then
Eq. (23) will give AE from the value observed for <J) at one temperature. This
result for AE should lie between the values for the two gauche forms, if they are
different.

The compounds in question are solids which decompose at higher temperatures so
their proton spectia were observed for dilute solutions over a limited temperature
range. In fact, useable spectra of (p-Br@)CHCICHP(COP) were obtained only at room tem-
perature. The spectra of the HCCH group protons are “quartets® of the ab type, and
(J;;c) is the splitting of the cuter pairs of lines, which vas measured. In
(CHg )BrCHCHBr(CO@), half of the "quartet® was further split by coupling with the

CHs protons so measuremenis vere made orly on the other halt.A The experimental data as




Table XI. There are two séts of data for twe of the compounds so that in principle a
second parameter such as .e.is/Jt could bte evaluated as well as AE, But this was dis-
couraged by the smallness of d(J)/dT in comparison to the experimental errors. More-
over, the apparent change in AE with temperature could result not only from error in
the assumed values for Jg and .Tt but alsc from changes in thé dielectric constant of
the polar, dimethylformamide, solvent; or in the solute=solvent hydrogen bonding.

V. Discussion and Conclueions

In spite of its length, this papér is primarily a suivey of what may be accomp-
1lished by measurements and analyses of the types outlined. Certainly, we have not
sought to be comprehensive in studying the dependence upon rotational configuration of
either the internal energy, the election coupling of the nuclear spins or the chemical
shifts in the substituted ethanes. Therefore, our discussion of the results is limited

to the more general aspects and implications.

A. The AE Values

The determination of AE's from the temperature dependence of the nmr coupling con-
stants and chemical shifts requires assumptions which may or may not be reasonable in
all cases. Therefore, it is encouraging to .ind fair to excellent agreement not only

between AB's obtained from different nmr observables but also between the values from

Table XII. The best case in this regard is CHC1pCHClp, where the value of

1100 + 35 cal from (V) agrees very well with the 1050 + 30 and 1080 + 4O cal from
(JHH) and the vibrational spectra, respectively, in spite of the hydrogen bonding which
ve know affects ('/H . Probably the worst case is CFaClCFClp, in which molecular asso-
ciation and/or the large experimental errors makes uncertain the AB values from the
chemical shifts. But even worse than the large size and the 2000 to 2760 cal range of

the AB's from the nmr data is their difference from the 350 + 150 cal value, of

14




Table XI. The values of <'jv1c> =4 J, observed in some compounds of the
CHXYCHYZ type, and the resultant approximate results for AE.

Compound Temperature ( ,jﬁé) RS
-Brg))CHC1CH(C O i N
(» ;g)csz + &(’0’6) 295°K 10.82 + 0.10 eps =1,040 cal
(CHs )CHBrCHBr(COP) 295 10.48 + 0.06 -960
in dimethyl formamide 363 10.0€ + 0.16 -1,060
CHBr@CHBr(CO@) 25 11.31 + 0,10 -1,170
in dimethyl formamide 363 11.04 + 0.05 -1,3%50

aA,B is defined as Et

are trans; values approximated with Eq. (25).

- Es, where the trans form is that in which the two protons

Bach of the compounds has two

asymmetric carbons and can exist,

therefore, as two different &2 pairs having

different AR's.
known to us.

The actual isomeric composition of the samples studied is not
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Table XII. Summary of ARB's obtained in several ways for some liquid
haloethanes which have two equivalent gauché forms.

Cowmpound N

Source Compound AR

CHClgCHCly 1050 + 30 cal Cygd CRC15CHCL, 400 + 4 cal (Jmi)b
1100 + 35 V) 420 + 130 IR ©
1080 + 40 IR, Ran.®  CRCICFCl, 2760 + 120 Gy
CHClgCHFp 495 + 4O Iy 2300 + 300 )

350 + 50 IR (£)350 + 150(gas) IR, Ram

a ) : B . 3 L1 b d 9

AR is defined as !‘t - !8 vhere gauche designates the two equivalent forms.
b?rom reference 21 and our reanalysis of their data.

°R. B. Kagarise, J. Chem. Phys. 29, 680 (1958).

da. Langseth and H. J. Bernstein, J. Chem. Phys. 8, 410 (1940); and also R. E. Kagarise and

D. H. Rank, Trans. Far. Soc. 48, 394 (1952).

°P. Klaboc and J. Rud Mielsen, J. Molec. Spectroscopy 6, 379 (1961).
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uncertain sign, from the vibrational spéc¢tra. However; the vibrational analysis is
difficult, the observations are further complicatéd by thermal decomposition of the
sample, and finally the AE is for the gus phaseé and large changes in it often o6ccur
with a change in state.! Further study of the compound is needed. The internal coa-
sistency of the results calculated for CHC1laCHFCl and for CFaBrCFBrCl leaves consider-
able room for improvement. Many of the differences found in Tables VI and IX reflect
inaccuracies compounded by the indirecét manner required to obtain &ll but one of the
five sets of data from the spectta.

A detailed scrutiny of all of the AE 's obtained in this study reveals that the
usual two factorsl govern the relative stability of the rotational forms. For the
group of similar compounds; CHClaCHClz, CHClgCHFg, and CFClaCHClg, in Table XII, the
rotamer in which the two protons and, in the latter, the fluorine and the proton, are
gauche, is that of lowest energy. This is counter to predictions based on steéric con-
siderstions alone. However, in these cases, the gauche forms have the largest electric
dipole moment and the net stabilization of the form is attributed to the resulting di-
pole interactions in the liquid.! CHC1aCHFCl, Table VI, follows the same rule in that
rotamer 1, with the two H's gauche and the H and F trans, not only has the largest di-
pole moment but also is the stablest form. However, the stabilities of the other two
forms are the reverse of their dipole moments but they do follow the steric
interactions.

At first glance, one might expec: CFaClCFCly, Table XII, to be in the same cless
as the four haloethanes just discussed. Hovever, its molecular symmetry differs in

that the trans, rather than the gauche, form has all of the smaller substituents adja-

cent. Therefore, steric as vell as dipole interactions tend to stadbilize the gsuche
form. This sddition rather than partial cancellation of the two effects may explain
the large AR found; however, the difference in dipole moments and its contribution to
OB is small., In CFaBrCFBrCl, cne would expect the two effects to be in opposition be-
cause the trans form, with the three fluorines adjacent, has the largest dipole moment.
This is supported by the smaller value of abcut 700 cal, Table IX, found for AE com -
pared vwith the 2500 cal for CFgClCFCl,.
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The remaining seven compounds, listed in Tables X and XI, all have AE's corres-
ponding to the stablest form being determined by steric factors. The rotamers of high-
est energy are those in which all hydrogens are adjacent. The dominance of steric
factors is supportéd by the fact that “he four compounds in Table X, with three or four
ethanic hydrogens, have the smallest AE's, 50 to 100 cal, while those in Table XI, with
only two hydrogeéns, have AE & 1100 cal.

In general, nmr data offer not only versatile means for evaluating the AE's but

also they give reasonable reésults. Significant systéematic error can occur in the use

important and the other likely source 6f error, averaging by torsional oscillations, is

not major.” Moreorer, with improved instrumentation®® and a better understanding of
the factors which can afféct the results, nmr may well be the best method for AE stud-
ies in liquids and even in thée gas phase, What is possible is suggested by the resulls
for CFC15CHCl,, for which Abraham and Bernsteéin®! were able to measure ¢ JHF> over a
150° temperature range to an accuracy of +0.02 cps. Our analysis of their data gives a
value for AR of 400 + 4 cal compared to the 420 + 120 cal obtained from infrared
studies.

In addition, it appears feasible o determine with some assurance quite small va-
lues of AB and also the relative energies in cases where all three rérms are non-
equivalent. The former, via procedures such as those used in Section IV.G, requires a
reliable estimate for )Jt -dJ 8|. At present, the accuracy of this is about 20 percent
for JH,B’ which can no doubt bé improved because the linear relation found®? petween
(Jvi o end the electronegativity of X and Y in CHsCHpX and CHsCHXY implies that similar

HH HH ‘ ,
and J8 . Thus far, less is known of Jm? and Jl"l"" but

relations should apply for J,
they seem to vary more than JHli so it ie fortunate that the studies of them involve
large ABR's and generally large changes in (J) with temperature.

The determination of the relative energy for all three forms of ethanes with an
asymmetric carbon is a tour de force difficult by other methods. Probably as much can

be learned by studying simpler compcunds; hovever, results such as those for




CFoBrCFBrCl vwhen obteined more accurately may be of value in separating the various
contributions to AE. In ccneéluding this section, it should not be forgotten that there
are assumptions common to the nmr and vibrational analyses. The most important of
these are probably the néglect, in ¢onnection with Eq. (3); of differences in the par-
tition functions Qn', exciuding thé internal rotation coordinate, for the three rotas
mers, and the assumption that AE is itself temperature independent.l

B. The Coupling Constants

Our results for the rotational dependénce of the coupling constants are summarized
in Table XIII. One feature comion to all three types of comstants, jﬁn’ JﬁF and JF?’
is that |J.| > ]ng, which corresponds to the fact that in ethylenic compounds
\Jtl > 'Jcis"l‘ Furthermore, there are instances in which they are of opposite sign
as well as of the same sign.

Approximate values of JHH have been reported for four substituted ethanes by Shep-
pard and Turner.'® In the one molecule, CHC1pCHCly which we have studied also, our va-
lues of .‘Jgrﬂ"H = (+)2.01 + 0.07 cps and JtHH = (+)16.07 + 0.8 cps for the pure liquid are
to be coméared with theirs, 2.5 + 1 and 14 + T cps respectively, for the compound in
solution. Valence bond calculations for the ethanic fragment HCCH, with tetrahedral

HCC angles, have given the dependence of Jy. upon the dihedral angle @ to bel*

Iy ¥ Acos® 9+ B=9cos® P - 0.3, (24)

which agrees qualitatively with cur results. However, there is the quantitative dis-
crepancy noted at the time of the calculaticas in that the values predicted are signi-
ficantly less than those observed. A weighted average of our results for JGHH and JtHH
leads to A = 17 cps and B = -3 cps irstead of the 9 and -0.3 cps given in !é. (as).

And, of course, it is not known whether the signs agree for the experimental and theor-

etical coupling constants.2®
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Table XIII. Summary of coupling constants,®

. . 75
Compound Jg Je Jgem
¢ps cps cps
H<H Coupling .
CHC1,CHC1, +2.01 + 0.08 +16.08 + 0.8
CHC1,CHFp 42,01 + 0.09 +10.25 + 0.4
CHC1CHIC1 +1.63 + 0.15 +16.5 # 0.3
-2!62 2 0565
H-F Coupling
CPC1oCHCL, +1.00 + 0.02 +18.2 + 0.08
CHC1CHFC1 +13,2 + 0.4 +37.3 + 0.3 +49.1 + 0.2
’208 1' o:h
CHC12CHF . ,
(25°) <J\ric‘> = H1.75 <Jg,em> = +35.0
F-F Coupling
CFaCICFC1,° -21.17 + 0.13 +40.03 + 0.13
CFgBICFBICL +5.320.2; -8.9+11.2 +38.7 + 0.3 |166.8 + 0.5

“The relative signs given for the coupling constants apply only to each pair of
nuclear species within each molecule; the largest value for the coupling be-
tween each pair is listed arbitrarily as +.

bl'he values given are independent of temperature within experimental error.

FF
It 1s assumed that J:F = Jg.-
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In monosubstituted ethanes, where symmetry requires that (Jﬂnjra (1/3)(Jt+233), it
has been found that22

Iy = 8.4 - OWE, (25)

vhere B is the Huggins electronegativity of the substituent. The limiting, "completely
averaged® values for Jy 1n the three tetrasubstituted methanes of Table XIII,
CHC13CHClp, CHC1;CHFC1, and CHCl;CHF, are 6.70, 5.17, and 4.76 cps, respectively.
While these values do not follow a linear relationship such as Bq. (25), their qualita-
tive similarity is shown by the monotcnic decrease ﬂthiigi , the sum of the substitu-
ents' electronegativities. No doubt bond angle changes asrweli as other substituent
effects are involved.

On the basis of our limited data, the H-F and F-F coupling constants appear to

underge larger fractional changes with substituents than does Jm{' In connection with
' HF .
the theory of the coupling, it is of interest to note that not only are Jgem and J tHF

both large, but they are undoubtedly of the same sign. Unfortunately, none of our re-

sults provide any sign inter-relations among the H-H, H-F, and F-F sets. The values
found for J :F and J tFF support the “cancellation® m/pothesis advanced some time

3,27

ago for the observation tha*t in compounds such as Cl?s cr,"'x (J ) often is

FF
close to zero although { J ) ¥10 cps. A present finding which is somevhat of a sur-
HF
prise is the apparent temperature independence of <J )and <J The different ro-

tamers of a molecule should have at least small differences in the HCF and FCF bond
HH
angles and, by analogy to the known sensitivity of J to the HCH angle,a° the ex-
o HF
pected result is a small but detectable temperature dependence of(J ) and <JBem

Further analysis of the matter is needed.

ences in J8 and in J,, in non-equivalent rotamers of a given molecule. For example,

in CHC1gCHFC]1 there are two values of J Bm and of J Gm?' Angular distortions from tet-

rahedral should, on the average, be proportional to the relative energies of the rota-

mers. 8o, it may not be coincidental that for both JBHB and J‘n the sign of the

coupling changes upon going frow a rotamer of lower energy to ome of higher, as shown
in Table VI,
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C. The Chemical Shifts

Our limited results for chémical shifts are disappointing in their confirmation of
the anticipated, adverse effects of molecular association. Such éffects not only de-
crease the reliability of the AE's but also of the shifts determined for the individual
rotamers from the température dependence of (¥). This is unfortunate because the lat-
ter is much larger than that of the coupling constants and is correspondingly easier to
meagure accurately. Nonétheless, the results summarized in Table XIV do exhibit an in-
teresting regularity. For CHC13CHCly, the form with the proton resonance farthest
downfield is that with both protons adjacent. Similarly, for CFaClCFClp, the reson-
ances of both sets of fluorine are farthest downfield in the rotamer, defined as trams,
in which all three fluorines are adjacent., In both compounds, the rotamer with the
downfield shift(s) is apparently that in which the vicinal substituents would produce
the largest net electrostatic interaction effect®’2® upon the resonances of the nuclei
in question. If supported by further studies, such correlations should prove useful in

establishing unknown molecular configurations.
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Table XIV. Summary of chemical shifts.2

. PR s 4 A S S

Compound Nucleus 1{‘ Y,

e — i - e ————— = ——

CHC1aCHC1, H 75.0 + 0.2 cps 114.0 + 1.6 cps
cFa"c1cFCl, F 2899.0 + 0.3 1840. + 10
r 1777 3675 °

*Larger positive numbers are upfield shifts, In addition, imternal chemical
shifts are given in Table IX for CFoBrCFBrCl.

b’I.'lm symbols l/ and 1/ refer here to the relative positions of P and F in
the molecule; also, 1t is assumed that ;/ has the same value 1n the gt_mc
and irens rotamers.
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